We propose a novel gridless continuous-wave radiofrequency (rf) thermionic gun capable of generating nC ns electron bunches with a rms normalized slice emittance close to the thermal level of 0.3 mm mrad. In order to gate the electron emission, an externally heated thermionic cathode is installed into a stripline-loop conductor. Two high-voltage pulses propagating towards each other in the stripline-loop overlap in the cathode region and create a quasielectrostatic field gating the electron emission. The repetition rate of pulses is variable and can reach up to one MHz with modern solid-state pulsers. The stripline attached to a rf gun cavity wall has with the wall a common aperture that allows the electrons to be injected into the rf cavity for further acceleration. Thanks to this innovative gridless design, simulations suggest that the bunch emittance is approximately at the thermal level after the bunch injection into the cavity provided that the geometry of the cathode and aperture are properly designed. Specifically, a concave cathode is adopted to imprint an Ƨ-shaped distribution onto the beam transverse phase-space to compensate for an S-shaped beam distribution created by the spherical aberration of the aperture-cavity region. In order to compensate for the energy spread caused by rf fields of the rf gun cavity, a 3rd harmonic cavity is used. A detailed study of the electrodynamics of the stripline and rf gun cavity as well as the beam optics and bunch dynamics are presented.
I. INTRODUCTION
During the last decade a number of projects and proposals on accelerator-based x-ray Compton sources and other compact sources have been put forward [1] . An essential ingredient of such sources is high-peak-current low-emittance electron bunches with a repetition rate in the range from a kHz to hundreds of MHz. For pump-probe experiments such as, for instance, THz pump/x-ray probe of magnetization dynamics [2] , the repetition rate must be adjustable depending on the process in question and also match that of the pump and detector. Picosecond (ps) or sub-ps electron bunch duration is another requirement on the electron source crucial for time-resolved studies. Yet one more request from users on the electron beam is the continuous wave (CW) mode of operation with evenly spaced electron bunches [3] .
There are technologies for generation of electron beams with the required parameters but these technologies are rather complicated whereas small laboratories need simple and robust solutions. In this paper, we set forth a novel design of a CW rf gun with a thermionic cathode that generates a low-emittance beam. In what follows, we give a brief overview of the existing electron gun technologies and point out the place of our design in the field.
High-voltage DC guns with photocathodes [4, 5] were the first guns to meet the requirements of extra high bunch quality and high-repetition rate. However, backward ion bombardment leads to photocathode degradation and limits its lifetime [6] . In order to minimize the amount of residual gases and associated ion background, the vacuum in the gun cavity must be extremely high. In addition, the generation of ions by the core and by the halo of electron beams makes problematic to operate an injector at mA CW current levels [7] . One more limitation pertinent to this type of guns is a lower electric breakdown threshold in static fields compared to that in rf fields [8] .
At present, superconducting (SC) rf guns with photocathodes [9] generate CW trains of ultra high-brightness electron bunches. A SC gun is compatible with a high accelerating gradient at moderate requirements for peak rf power compared to normal conducting counterparts. The bunch charge and energy can be as high as a few nC and a few MeV, respectively. However, the combination of the complexity of the SC technology and bunch formation makes this type of gun very challenging for design and operation. Care must be taken about the cleanness to avoid the cavity contamination. The emittance compensation by a magnetic field penetrating into the cavity is not possible since the field can cause a breakdown of superconductivity.
In view of the challenges with DC and SC photocathode guns, there is a natural interest in extending conventional normal conducting (NC) rf guns to CW operation. The main obstacle is the heat load so that the power density must be low, which implies a low frequency and field strength of the accelerating mode. Along this line, a 433 MHz Boeing rf gun delivering a few nC, several mm mrad bunches at 27 MHz repetition rate and 25% duty factor was demonstrated [10] . Another example of such an approach is the APEX gun [11, 12] for modern x-ray free-electron lasers (FELs). However, a short photocathode lifetime [13] , for example, only up to 10 hours for the Boeing gun [10] , and the need for a high average power drive laser makes this technology also rather complicated for a small facility. Replacement of a photocathode by a thermionic one will further reduce costs and make the gun even easier to operate.
In general, thermionic cathode-based DC and rf guns have successfully been used in IR FELs [14] [15] [16] and proved long lifetime at high average currents and modest vacuum. However, because of the grid used to gate the electron emission [17] the mentioned thermionic guns have a large initial transverse emittance of around 10-20 mm mrad. Hence, a gridless thermionic gun generating a μs bunch was proposed for the SACLA FEL [18] . The gating is done by a ns high-voltage (HV) chopper following the gun. Though the bunch quality is sufficient to drive x-ray FELs [19] , the repetition rate is limited to 60 Hz.
Recently, in [20, 21] a combination of a rf cavity gun with a DC pulsed gate-electrode and a thermionic cathode has been proposed for the XFEL-O injector [22] . However, no details on the cathode assembly were reported. Somewhat earlier, a synthesis of a photoexcited DC 1 GV=m preaccelerator, directly followed by an S-band rf-booster had been studied [23] . In the spirit of the idea of the combined thermionic DC-rf gun, in this paper we present a detailed design study of a CW normal conducting thermionic rf gun with a dispersion-free configuration of the cathode-gateelectrode region. Given that a two-conductor transmission line allows dispersion-free propagation of transverse electromagnetic (TEM)-modes, our idea is to use a stripline with a thermionic cathode integrated into it so that we can apply high voltage square-box pulses to the cathode-gateelectrode gap with very little distortion. The proposed design occupies a distinguished niche among the thermionic and photo rf guns and has the following features: (i) nanoCoulomb bunch charges; (ii) very low slice emittance thanks to a small-size cathode and careful design of the beam optics; (iii) variable repetition rate of electron bunches up to one MHz in the present design with the possibility of the repetition rate at rf frequencies; (iv) long-term stable operation of thermionic cathodes; (v) compatibility with magnetic fields for emittance compensation; (vi) high accelerating gradients of 20 MV=m in a rf gun cavity. This paper is organized as follows: in Sec. II we present a layout of the gun and discuss its electrodynamic characteristics; Sec. III contains an analysis of the beam optics in a quasistatic approximation whereas the bunch dynamics in rf fields is studied in Sec. IV; in Sec. V we present the results of fully time-dependent simulations and Sec. V summarizes the findings. Following the terminology of [24] , we use the term beam optics for motion of a continuous flow of electrons in static fields and the term bunch dynamics for motion of a group of electrons in time-dependent fields.
II. LAYOUT AND ELECTRODYNAMICS
OF THE GUN Figure 1 shows a schematic of the proposed pulse-gated thermionic rf gun. The gun is based on a normal conducting cavity with an operating frequency of 117. 4 MHz that corresponds to the third subharmonic of the fundamental accelerating mode of the SC spoke cavity (352.2 MHz) [25] . The choice of the rf gun frequency was motivated by (i) the required electron bunch parameters, (ii) availability of well-developed technology of production of NC rf cavities in the very high frequency (VHF) band [11, 26] , FIG. 1. A schematic of the proposed HV pulse-gated thermionic rf gun. The inset shows the cathode assembly and the on-axis region of an accelerating gun cavity. A cylindrical singlecrystal CeB 6 cathode of radius r c , schematically shown by the red rectangle, is installed into the central conductor of a striplineloop. The wall of the gun cavity embodies the outer conductor of the stripline-loop so that electron bunches are injected to the gun cavity through an aperture in this part of the outer conductor. The input aperture radius is r g and the radius of the output cavity aperture is a. The accelerating gaps of the stripline-loop and cavity are h and d, respectively. The cathode can be heated by a DC laser or a diode DC electron gun labeled as the heater in the inset. The dotted red lines represent schematically the rays from the laser heater or the trajectories of electrons emitted by the electron heater. and (iii) by availability of efficient rf sources at this frequency. To power the cathode-gate gap by high voltage rectangular pulses of ns duration without distortion we propose to use a stripline-based thermionic cathode configuration shown in the inset of Fig. 1 .
The thermionic cathode is located in the inner conductor of a stripline that is fed by a high voltage fast pulser. The gate-electrode is the external conductor of the stripline and simultaneously part of the rf cavity wall. The gate has a circular aperture-referred to as the input aperture-that allows an electron bunch emitted from the thermionic cathode to flow through the aperture during a 10 MV=m flattop of a waveform. Then, a 20 MV=m electric field of the rf gun cavity extracts the electrons and accelerates them up to 450 keV. This energy is a trade-off between minimization of the emittance growth due to space-charge effects [18, 27] and possibility for further compression of the bunch in a drift space [16] .
We chose a single-crystal CeB 6 as a material for the thermionic cathode due to its successful operation in the X-ray FEL at SPring-8 [19] . At a temperature of 1773 K and a field of 10 MV=m on the cathode, the emission current density is calculated to be 20.5 A=cm 2 that is similar to the results found in the Refs. [20, 21] . In this temperaturelimited regime the Richardson constant and effective work function are measured to be 19.1 A cm −2 K −2 and 2.26 V [18] , respectively. The cathode can be heated by a DC lowcurrent electron beam or laser beam illuminating the cathode from the side opposite to the emission surface. To this end, there is an additional aperture in the external conductor of the stripline, see the inset of Fig. 1 .
A. A stripline-based cathode configuration
In order to avoid the emittance dilution originating from the magnetic field on the cathode, we propose to gate the electron emission by two TEM electromagnetic pulses propagating towards each other so that on the cathode the electric fields sum up in phase whereas the magnetic fields of pulses cancel each other. Basically, one obtains a quasistatic electric field in the region of the cathode-gate-electrode during the pulse. The cathode is installed in a striplinemade of an inner and outer metallic conductor with vacuum in between-forming a closed loop as it is depicted in Fig. 2 . The stripline-loop can be thought as a T-junction power divider with the arms connected to each other. It is a parallel connection so that the voltage in each arm is the same as in the feeding line whereas the current is half of the value before splitting. To reach a high electric field in the region of the cathode-gate-electrode, the inner conductor is displaced towards the part of the outer conductor surface attached to the gun cavity wall, see Fig. 3(a) . Matching of the feeding stripline to the stripline-loop is achieved by means of adjustment of the thickness of the inner conductor and The cathode is shown by the red rectangle. In the feeding stripline the position of the inner conductor is symmetrical whereas in the stripline-loop the inner conductor is displaced in order to provide a higher voltage in the cathode-gate-electrode gap. Tables I and II. Performance of the stripline loop in the time domain is illustrated in Fig. 4 using the simulations done with the CST Microwave Studio [28] . A trapezoidal high-voltage (HV) pulse in the form of the TEM mode is supplied to the feeding stripline, then equally split between the arms and combined within the cathode region. A transmitted pulse comes out of the stripline-loop with little distortion as it is seen from the blue curve in Fig. 4 . Even without careful optimization of the T-junction a relative peak-to-peak disturbance of the flattop of the transmitted pulse is around 2%. The considered pulse can be generated by a fast solid-state HV pulser, see, for example, [29] . Due to the transverse nature of the TEM stripline mode and symmetry of the stripline-loop, the magnetic fields on the cathode cancel while the electric ones add up in phase as illustrated in Fig. 5 . Doubling of the voltage in the cathode-gate-electrode gap allows one to halve the feed power from a fast pulser compared to the case of feeding by a single pulse. For our geometry a 10 MV=m electric field on the cathode corresponds to a voltage of 17.86 kV in the cathode-electrode gap. This requires a 9 kV pulser with an average power of 5.11 kW for a pulse length of 1 ns at one MHz repetition rate. Figure 6 shows the electric field profiles on the cathode surface (see the inset in Fig. 1 ) along two mutually perpendicular axes. The origin of the bunch axis corresponds to x ¼ y ¼ 0. In the cathode region for radii up to 2.2 mm the field has azimuthal symmetry to a large extent. A field drop across the 1 mm cathode radius is due to a relatively large gate aperture of r g ¼ 2 mm compared with the 1 mm cathode-gate-electrode gap. Because of the observed symmetry of the electromagnetic (EM) field in the cathode region and the azimuthal symmetry of the rf gun cavity, in what follows we use a 2D approach for studying the beam optics and dynamics. Figure 7 shows a set of distributions of the longitudinal electric field E z ðx; zÞ for different z as function of x. Recall TABLE II. Parameters of the feeding stripline in Fig. 3(b that z ¼ 1 mm corresponds to the edge of the aperture channel. In the vicinity of the beam axis x ¼ 0, the magnitude of E z ðx; zÞ in the accelerating gap (z < 1) changes with x as the modified Bessel function of the first kind, which is a natural representation for an unbounded space electrostatic problem, whereas in the channel of the aperture E z ðx; zÞ behaves as the standard Bessel function of the first kind of a bounded-space electrodynamic problem. It is interesting to see how the sign of the curvature of E z ðx; zÞ changes as one moves into the channel. A virtual interface between different behaviors of E z ðx; zÞ with x is approximately located at z 0 ¼ 1.2 mm. In Fig. 7 we have also depicted (blue curves) the envelope of the electron beam discussed in detail later. The distribution depicted in Fig. 7 suggest the following phenomenological expression for the longitudinal field in the region r < r g :
B. Fields in the cathode region
Because of the symmetry pointed out earlier, we use the cylindrical coordinates r and z. Equation (1) can be understood as follows. The last multiplier takes into account the longitudinal localization of the field on the scale of 2h [30] . For z ≫ h, i.e., deeply inside the aperture channel, the radial distribution of the field must mimic that of a waveguide mode, so the second multiplier J 0 ½… is the Bessel function of the first kind with μ 01 =r g being an eigenvalue of the Laplace equation [31] . But for z < h, the radial distribution must manifest the character of an electrostatic solution, so the argument of J 0 ½… incorporates the square root of (z − h) that yields the transformation to the modified Bessel function upon transition through z ¼ z 0 . The difference (z − h) is naturally normalized to the scale of the transverse inhomogeneity r g . The field amplitude E 0 and transition position z 0 must be determined from numerical simulations. A detailed comparison of the simple representation (1) with the numerical solution depicted in Fig. 7 shows as low peak-to-peak discrepancy as 10%, which allows using Eq. (1) for an analytical study of beam optics. The analytical fit (1) can be made nearly perfect on the cathode surface if r g is adjusted to 2.4 mm.
C. Rf gun cavity
The considered rf gun cavity is similar to re-entrant cavities used in klystrons. A design of a rf cavity and an analysis of the bunch dynamics are mutually coupled: the targeted bunch parameters impose requirements on the cavity geometry (and accelerating fields) as well as the geometry of the input and output apertures for bunch passage. At the same time, the geometry affects the bunch dynamics. We use successive iterations to address this complicated coupled dynamic system. First, we performed a tentative study of the rf gun cavity, then designed the input and output apertures taking into account the beam optics and lastly studied the bunch dynamics in rf fields of the cavity. Finally, we refined the geometry of the rf gun cavity and repeated the bunch dynamics simulations. Here, we present the final results. Rf couplers are not included into the design.
Our design goals of the cavity are a high shunt impedance along with small ratios B max =E max and E max =E 0 in order increase the rf breakdown threshold of the cavity. Here, B max and E max are the maximum surface magnetic and electric fields, respectively; E 0 is the accelerating gradient defined as the average on-axis electric field. As a starting point for our design we chose the geometry of the CW NC VHF gun cavity proposed at Argonne [11, 32] . The resulting cavity shape obtained with SUPERFISH [33] is similar to that of [11] and depicted in Fig. 8 . Since the cavity is azimuthally symmetric with respect to the bunch axis, only a half of the cross section is shown. The main parameters of the cavity are summarized in Table III and the on-axis profile of the longitudinal electric field is shown in Fig. 9 . In order to be able to study the rf gun cavity and cathode region independently, in the simulations we enforced an electric wall boundary condition-i.e., the tangential electric field vanishes-located at z ¼ 3.5 mm from the cathode, which is approximately in the middle of the input aperture. The position of the electric wall is determined by a superposition of rf fields and fields of HV pulses in the cathode-gate-electron gap. This is discussed in detail in the next section. As a result of this additional boundary condition, the longitudinal electric field starts from a nonzero value in Fig. 9 . The field to the left from the zero position is determined by the HV pulser as well as the geometry of cathode region and aperture.
III. BEAM OPTICS A. Electrostatic approach
Quasi-square-shaped HV pulses produced by modern solid-state pulsers have a stable flattop region, see Ref. [29] and references therein. Hence, electrons emitted from the cathode experience a quasistatic electric field in the cathode-gate-electrode gap and their trajectories may be examined in an electrostatic approximation using the simulation code EGUN [34, 35] . In addition to that, the electrostatic approximation may also be extended to the rf gun cavity to perform a tentative study of the beam optics in the whole gun. Thanks to the low frequency of the rf gun cavity, the 140 ps transit time of electrons through the cavity is much smaller than the 8.5 ns rf period and a slice of electrons experiences the same rf field. Hence, the rf field that can be replaced by a corresponding accelerating DC voltage. Moreover, the electron bunch is much longer than the interaction region so that it fills the whole gun and may be thought as a continuous beam (edge effects are addressed in Sec. V). An advantage of the electrostatic approach is the possibility to perform efficient optimization of the shape of both the cathode and input as well as output apertures in the cavity wall.
The radius of the gate-electrode aperture, its profile and thickness were adjusted to avoid beam losses and maximally suppress the penetration of the rf cavity field through the aperture into the cathode-gate-electrode space where the field from the HV pulser should be dominant. This optimization resulted in the shape of the input aperture depicted in Fig. 10 Figure 11 depicts the longitudinal electric field profile along the gun axis at a gate potential of 17.86 kV and two anode potentials of 473 kV and 410 kV. These field profiles in the gun cavity represent the instantaneous distributions of the rf fields seen by a test electron accelerated on-crest and 21.13°off-crest. In the cross section z ¼ 3.5 mm of the gate aperture, the amplitude of the electric field reaches a minimum. To the left from this cross section, the electric field of the HV pulser is dominant and constant during the pulse whereas to the right from the cross section, the field is solely determined by the rf cavity field. In other words, the region around the cathode is well shielded from cavity rf fields and beam acceleration is completely determined by the electrostatic field of the HV pulser. Furthermore, the radial component of the external electric field vanishes in this cross section since it is proportional to the derivative of the longitudinal component that has an extremum at that point. Hence, the cross section can be thought of as an electric wall for external fields in electromagnetic simulations. We use this fact to decouple the study of beam optics from bunch dynamics. First, we apply the EGUN code to the whole gun and optimize the beam optics, then in the position of the electric wall we transfer the obtained beam data to the PARMELA code and continue phase-dependent beam dynamics simulations in the rf gun cavity with PARMELA. The space-charge effect is included in both simulations. The purpose of using EGUN is that it takes accurately into account image charges in the stripline-loop. The rf magnetic field is not included into the EGUN simulation because the magnetic force is negligibly small compared to the electric one. Specifically, the cavity magnetic field is related to the electric one as B rf ∼ ðr=λÞE rf with λ being the rf wavelength. The rf field decays exponentially into the aperture channel as e −μ 01 z=r g and, in addition, the beam is weakly-relativistic. Hence, the ratio of forces F rf B =F static E ∼ 10 −6 in the stripline loop and
−3 in the position of the introduced electric wall. In PARMELA simulations, the magnetic field is naturally included.
In Fig. 12 we demonstrate the change of the beam emittance and envelope along the gun from the cathode to the output aperture of the rf cavity. The off-axis profile of the radial electric field causing an emittance growth is shown as well. This profile suggests that the cathodeaperture region and aperture-cavity region can respectively be thought of as a defocusing and focusing lens so that the beam first expands reaching up to 2 mm at the end of the 6 mm thick input aperture. Then, the focusing effect takes over and the beam radius becomes less than 1 mm in the output cavity aperture. One can also see a 6-fold increase in emittance at the exit of the input aperture caused by the spherical aberration [24] . Note that there is a little increase in emittance in the regions of the rf cavity and output aperture because in the cavity the transverse electric field is almost zero and when the beam traverses the output aperture it has a much higher energy and a smaller radius. From the analytical estimate presented below, it follows that the nonlinear emittance growth is proportional to the fourth power of the beam radius so that the reduction of it by a factor of two in the output aperture-compared to that in the input one-implies more than an order of magnitude decrease in emittance growth.
B. Spherical aberration of the cathode-aperture region
Examine in detail the beam characteristics in the region from z ¼ 0 to z ¼ 3.5 mm, where the accelerating field of the stripline-loop is dominant, Fig. 10 . By scrutinizing Fig. 12 , one finds that over the initial distance of 2.5 mm the rms radius increases by 30% and the emittance almost doubles reaching 0.51 mm mrad. Then, the emittance declines to 0.42 mm mrad as the beam undergoes further action mainly from the stripline-loop field. As we will see this behavior of the emittance is a manifestation of the nonlinear electrostatic emittance compensation demonstrated in [36] .
In general, the origin of emittance growth is the nonlinearity of the accelerating field of the stripline-loop as well as the space-charge field. To understand the impact of the former consider a laminar nonrelativistic beam of rays of electrons in the cathode-aperture region. The beam moves in a potential field of the stripline-loop so that the total and longitudinal velocities read 
To account for the beam expansion, the analysis must be complemented with an equation for radial positions of the rays of electrons dr e =dz ¼ v r =v z . In general, r e is a nonlinear function of z and an initial position of the ray r 0 . To get a glimpse of the formation of the beam phase-space, let us examine the case of straight rays of electrons [37] . At the end of the accelerating region, where the field vanishes, the beam velocity is simply v ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi 1), we obtain the radial beam divergence as
Equation (5) gives the beam divergence at the end of the defocusing lens but it is also instructive to look into individual contributions to the divergence from the fields in the accelerating gap and aperture channel.
In Fig. 13 we depicted effective deflecting voltages in the accelerating stripline gap (dotted blue curve) defined as ½r In a realistic case, however, the rays of electrons are curved as depicted in Fig. 10 and our analytical calculations for the curved rays revealed also the possibility of selfcompensation of the quartic component of the deflecting voltage. Namely, in the region from z ¼ 0 to z ¼ 1.2 mm the stripline-loop field imprints an Ƨ-shape distribution onto the transverse beam phase-space whereas in the region from z ¼ 1.2 to z ¼ 3.5 mm it imprints an S-shape distribution. The physical origin of this difference is connected to a change of the sign of the field distribution curvature, see Fig. 7 . Depending on the rate of the beam expansion, the beam phase-space distributions acquired in different regions balance each other to certain extent. Moreover, S.B. van der Geer and others demonstrated that a nonlinear electrostatic accelerating field can even compensate for the space-charge effect [36] , which imprints an Ƨ-shape distribution. In Fig. 14 we depicted the results of analytical calculations of the phase-space of a beam of straight rays and a realistic beam at z ¼ 3.5 mm.
Performing simulations with and without taking into account the space-charge field, we found that its inclusion leads to a non-negligible emittance dilution. However, the space-charge field affects the beam mainly in a close vicinity to the cathode as one can see from Fig. 15 . Beyond that region the space-charge field becomes small. For example, in the region of the virtual electric wall, where the external field vanishes, the rays of electrons are almost perfectly straight as seen from Fig. 10 . This indicates a negligibly small transverse acceleration. An impact of the space-charge field on the overall gun performance is addressed at the end of this section.
C. Spherical aberration of the aperture-cavity region
As we have already pointed out, there is a huge emittance growth at the end of the aperture channel. To address this growth within an analytical model, we need an approach different to the one we used above since the beam becomes relativistic. A radial momentum kick experienced by a test electron traversing the aperture reads
whereẼ r is the radial electric field in the aperture-cavity region (we use theẼ to distinguish this field from the stripline-loop field E); z in and z out are the coordinates of the start and end of the electric field "jump," which roughly corresponds to the middle and exit planes of the aperture. In the paraxial approximation using Maxwell's equations the radial component of the electric field can be expressed through the longitudinal one as 
The cubic term in Δp r , which is referred to as ½Δp r 3 in what follows, gives rise to an emittance growth. We cannot treat the aperture as a thin electrostatic lens because the beam velocity changes significantly across it. This makes an analysis of the integral in Eq. (9) rather complicated and we limit ourselves to an order-of-magnitude estimate of the nonlinear kick. Our numerical simulations suggest the following approximation forẼ 00 z :
where UðzÞ is the unit step function; z m is the position of the maximum ofẼ r , see Fig. 12 ; R is the mean radius of the aperture, which is different from r g because the output side of the aperture is tapered. Substituting Eq. (10) into the integral in Eq. (9), we obtain Z (8)- (11) it follows that this spherical aberration gives rise to a classical S-shape distribution of the transverse phase-space of the beam [24] .
D. Elimination of emittance growth
To reduce the emittance growth caused by the spherical aberration in the aperture-cavity region, we made the cathode concave. The introduced sphericity of the cathode creates transverse momenta of electrons that depend on the electron's radial position and cancel quite well the transverse nonlinear kicks caused by the aperture. The maximum rms beam radius also gets smaller by 15%. The geometry of the gun with a profiled cathode is shown in Fig. 16 . A comparison of the emittance variation along the gun with a flat and concave cathode is presented in Fig. 17 . When the cathode shape is properly chosen, the beam emittance-after a large initial growth-approaches the thermal emittance level at the end of the input aperture and increases only slightly in the rf cavity. The simulation predicts it to be even slightly below the thermal level but we attribute this to numerical errors.
To understand the physics of the emittance compensation, consider the beam phase-space beside the concave cathode. The geometry of the problem is illustrated in Fig. 18 . We will follow the lines of Shintake's analysis of emittance dilution due to surface roughness of a cathode [38]. In the close vicinity of the cathode, the radial and normal components of the electric field are related as E r ¼ E n sin φ. Hence, the radial momentum can be estimated as p r ¼ −p n sin φ ≈ −ðr=RÞp n . The energy con-
=2R is the distance between the planes drawn through the apex and edge of the cathode. For estimates, E c can be taken equal to Eq. (1). Moreover, we assumed E c to be constant over d c . Then, the radial momentum reads
A comparison of the distributions of the radial momenta calculated analytically and simulated with EGUN is shown in Fig. 19 and demonstrates a good agreement. One can see that the sphericity of the cathode creates a highly nonlinear distribution in the transverse phase-space of the beam. We want to emphasize that the distribution has an Ƨ-shape.
An emittance growth originating from the sphericity of the cathode reads
The numerical factor is the result of averaging over the beam phase space. Equation (15) gives the emittance directly in mm mrad units. With a radius of curvature R of 5 mm, Eq. (15) gives 0.38 mm mrad, which is together with the initial thermal emittance of 0.28 mm mrad results in the total emittance 0.47 mm mrad. The corresponding result of numerical simulations is 0.51 mm mrad. Let us examine the beam phase-space for the flat and concave cathode at z ¼ 3.5 mm and z ¼ 8 mm. The results of numerical simulations are depicted in Figs. 20, 21, 22 , and 23. Recall that the first position z ¼ 3.5 mm corresponds to the plane, where the radial electric field vanishes, so we refer to this plane as the electric wall. The second position z ¼ 8 mm is slightly outside of the output plane of the aperture channel connecting the stripline-loop with the gun cavity. In all figures x 0 ¼ dx=dz and y 0 ¼ dy=dz is the angular divergence in the x and y direction, respectively. The bottom left and right plots depict a beam cross section and a relative energy-phase distribution (longitudinal phase-space).
As we found in Sec. III B, the spherical aberration in the region of the cathode-aperture is weak and the spacecharge field is also not strong. Hence, at the electric wall interface the xx 0 and yy 0 phase-space exhibit a nearly linear correlation demonstrated on the top plots in Fig. 20 . A careful examination shows that, in fact, the xx 0 distribution has an Ƨ-shape, which is hampered from seeing by energy spread of electrons. We attribute this shape to the spacecharge effect.
In the region of the aperture-cavity electrons acquire the transverse momentum kick (6) that depends nonlinearly on the electron's position in the beam. This results in a deformation of the transverse phase-space manifested as an S-shaped correlation in the xx 0 and yy 0 space, Fig. 21 . The correlated energy spread also appears because off-axis electrons experience a different accelerating voltage in the gun cavity.
In the case of the concave cathode, the phase-space dynamics is modified by the transverse momenta (14) so that the transverse phase-space xx 0 and yy 0 at the electric wall interface has an Ƨ-shape distribution shown in Fig. 22 . The sphericity of the cathode introduces a correlation into the beam phase-space that is opposite to the correlation imprinted onto the beam by the spherical aberration of the electric focusing lens of the aperture-cavity region. Due to the cancellation of the correlations, after the aperture the transverse phase-space is nearly linear as it is depicted in Fig. 23 . Thus, the emittance is greatly reduced. It should be mentioned that at the aperture exit the phase correlation for the flat cathode, Fig. 21 , is clearly much stronger than the opposite phase correlation for the concave cathode, Fig. 22 . One might wonder why the compensation works. An important additional factor is that the beam size is also different, so electrons emitted by the concave cathode acquire a smaller nonlinear kick in aperture-cavity region compared to the one shown in Fig. 21 . degradation. The situation is completely different for the concave cathode. Thanks to the cathode shaping, the emittance attains its minimum for 0.65 A beam current and the dependence on the beam current is rather weak so that some tunability of the gun is possible. For instance, a variation of the beam current by 50% around its optimal value yields only 6% increase in the beam emittance. Note that the mechanism of emittance compensation in our case is different from the one proposed in Ref. [23] . Specifically, De Loos et al. used the effect of the spherical aberration of the aperture of a DC diode gun to compensate for the deformation of the beam transverse phase-space caused by the space-charge effect. In our case, a concave cathode is used to imprint an Ƨ-shaped distribution onto the beam transverse phase-space to compensate for an S-shaped beam distribution created by the spherical aberration of the aperture-cavity region. With no space-charge field, our compensation would work for any beam current but the space-charge field creates an additional Ƨ-shaped distribution of transverse momenta and also changes the beam radius. Therefore, the emittance is current-dependent.
E. Space-charge effects

IV. BUNCH DYNAMICS IN RF FIELDS
To study the time-dependent effects on the finiteduration electron bunch arising from the rf field of the cavity, we use the code PARMELA. In the longitudinal position z ¼ 3.5 mm, where the radial component of the total electric field vanishes, the bunch parameters are transferred from EGUN to PARMELA and the simulation is continued with the latter. Specifically, in the defined above injection plane the electron bunch has a charge of 650 pC and duration of 1 ns that corresponds to the initial phase length of 42.26 deg at the cavity frequency of 117.4 MHz. The bunch energy and rms normalized emittance are 17.85 keV and 1 mm mrad, respectively. The bunch is accelerated on-crest in the 21 mm accelerating gap at a gradient of 20.20 MV=m. This brings the maximum bunch energy to 0.448 MeV. During the acceleration the rf curvature is imprinted onto the longitudinal phase-space of the bunch as one can see from the bottom right plot in Fig. 25 . The introduced phasedependent energy spread is 2% but this spread is a correlated one so that it is reversible. The bunch emittance also increases up to 0.9 mm mrad compared to the steady-state result of 0.3 mm mrad obtained with EGUN. At the same time, the slice emittance remains almost unchanged.
In order to illustrate an advantage of the cathode shaping and also an impact of the time-varying rf field on the beam emittance, in Fig. 26 we present a comparison of the phase-spaces of the longitudinal slices of the beam. Each slice is just 4.7 deg long so that the electrons in the slice experience approximately the same rf field and the transverse phase-space is represented by a thin ellipse. But because the slices "see" different mean phases of the rf field, they are slightly rotated with respect to each other in the phase-space [39] .
In order to counteract the energy spread introduced by the phase-dependent rf field of the gun cavity, we use a third harmonic cavity that acts as a phase-space linearizer [40] . The results are depicted in Fig. 27 . The rms energy spread is reduced from 8.8 to 0.48 keV and the energy distribution is substantially flattened for almost the whole bunch. The transverse phase-space distributions xx 0 and yy 0 (not shown) are aligned along the x 0 and y 0 axes, respectively, which correspond to a bunch crossover with a radius of 0.3 mm. The transverse density distribution recovers very well its initial homogeneous top-hat shape. Note that not only the longitudinal phase-space is linearized but also the emittance growth acquired in the rf gun cavity is partly compensated by the rf field of the 3rd harmonic cavity. The final bunch parameters are summarized in Table V .
V. TEMPORAL EVOLUTION OF THE ELECTRON BUNCH DISTRIBUTION
To analyze the beam behavior in the cathode-aperture region of the stripline-loop configuration, we used the static approximation, which allowed us to greatly reduce the complexity of the problem and to address the design of beam optics separately from bunch dynamics. However, now we apply a fully time-dependent approach to study the buildup and decay of space-charge fields as well as the start-to-end evolution of the electron bunch distribution. Specifically, we use the code PARMELA with a 3D particlein-cell space-charge solver to examine the bunch dynamics in the whole interaction region of the gun. In order to focus on transient space-charge effects related to the finite bunch duration and exclude transients associated with the raise and fall of the external HV field applied to the cathode, we consider the limiting case of zero rise and fall time of the HV pulse, i.e., the electron bunch having a longitudinal square-box distribution on the cathode. The thermal emittance of the bunch is set to zero. The change in the emission current across the cathode-caused by the inhomogeneous applied electric field and the corresponding Schottky effect-is only 1.5% so that it is also not included into our simulations. The electrostatic field in the stripline-loop region calculated with the POISSON code is superimposed with the rf cavity field found with SUPERFISH to give the total field governing the dynamics of the electrons. As before, a 1 ns, 0.65 A electron bunch is first accelerated to 17.85 keV by a HV pulse and then to 0.448 MeV by a rf field.
The electron bunch distributions in the rz plane of the gun at different time moments are depicted in Fig. 28 . Though the outer electrons gain higher energies and travel faster through the gun, the fronts of bunch remains well defined and the electron density is quite uniform along the bunch except for the cathode region. The transverse phasespace of the slices of the bunch shown in Fig. 29 also replicates very well the one found earlier, cf. Fig. 26 . The average total normalized slice emittance, including the thermal component, amounts to 0.32 mm mrad. This value is to be compared with the 0.3 mm mrad slice emittance found earlier using the decoupled simulations with EGUN and PARMELA. The total bunch emittance obtained with the fully time-dependent PARMELA simulations amounts only to 0.66 mm mrad compared with 0.6 mm mrad found earlier. However, it turned out that the best emittance compensation of the spherical aberration is now achieved with the 7. fields result in some acceleration of the leading slice of the bunch so that it gains about one keV higher energy compared to the previous EGUN-PARMELA simulations. Otherwise, the transient space-charge fields have no noticeable impact on the bunch dynamics. In overall, the fully time-dependent results are completely consistent with those obtained earlier using a combination of static and rfdependent approaches.
In the present simulations we assumed a square-box HV pulse for gating the electron emission. However, in reality the profile of the HV pulse is more complicated and some electrons at the head and tail of the bunch will be accelerated to much lower energies in the stripline-loop configuration so that the beam optics becomes unmatched and the electrons acquire much larger transverse momenta. A study of the unmatched beam optics depends very much on the actual profile of the HV pulse and goes beyond the scope of the present paper. We anticipate that a bunch chopper might be needed to remove some leading and trailing electrons of the bunch to obtain a high-quality bunch emittance.
VI. CONCLUSION AND OUTLOOK
We propose a thermionic cathode-based DC-rf gun that provides the bunch emittance at the same level as photocathode rf guns. The gun operates in a continuous-wave mode at a repetition rate up to 1 MHz. It is composed of a 10 MV=m DC diode integrated into a stripline-loop and a low-frequency 20 MV=m rf cavity. The beam optics is designed to keep the slice emittance of bunches as close to the thermal level as possible. A third harmonic cavity next to the gun is used to linearize the longitudinal phase-space of bunches and compensate for the phase-dependent bunch emittance growth in the rf gun cavity. The distinct features of our gun are: (i) nonlinear emittance compensation of spherical aberrations of the input rf cavity aperture, (ii) variable repetition rate, (iii) long lifetime of the cathode and iv) moderate requirements on vacuum. Our detailed design study indicates the possibility of generation of nC-scale bunches with an rms normalized slice and total bunch emittance of 0.32 and 0.66 mm mrad, respectively and an energy spread less than one keV. The gun generates ns-long bunches, which requires additional bunch compression compared to photocathode rf guns. However, our preliminary study [41] shows that the generated bunches can be compressed down to several ps with nonlinear ballistic bunching involving harmonics of the frequency of a buncher. Or one can apply a compression scheme similar to the one used at the SACLA FEL since the bunch characteristics are very similar. To improve further the bunch emittance the leading and trailing electrons of the bunch can be cut away with a proper chopper.
The proposed combination of the DC HV diode and rf gun cavity results in a strong spherical aberration in the aperture-cavity region that severely degrades the bunch emittance. Hence, to counteract an S-shaped deformation of the bunch phase-space caused by the spherical aberration, we introduce a nonlinear Ƨ-shaped distribution of transverse momenta of electrons before the aberration region by shaping the cathode. Thanks to this compensation, the slice emittance reaches a minimum of around 0.3 mm mrad for the design bunch current of 0.65 A. Since the design current corresponds to an extremum of the emittance, the emittance is current independent in the first order and a variation of the beam current by 50% around its design value yields only 6% increase in the beam emittance. Hence, the gun allows tunability in current.
The proposed gun is mainly intended for operation at a 100 kHz repetition rate that is required for THz-pump-X-ray probe experiments. The results of simulations indicate that the bunch charge can be varied from around 450 to 850 pC without sacrificing the emittance. Thus, the gun yields an average current from 45 to 85 μA. At the same time, the required HV pulser can also be operated up to one MHz repetition rate, resulting in an average current close to one mA. Such a repetition rate is well suited to drive an X-ray FEL oscillator [22] . The power requirement on the pulser is around 5 kW, which is still moderate.
